Abstract: We present the design and experimental demonstration of a contra-directional grating-coupled racetrack resonator exhibiting the Vernier effect. The device consists of two racetrack resonators that are coupled together in a cascaded configuration. The input coupler in each racetrack resonator of the cascaded configuration consists of contra-directional gratings. The benefit of using contra-directional couplers is their small bandwidth, as compared to co-directional couplers that do not have gratings. The simulation results show that this device provides numerous performance advantages compared to cascaded racetrack resonators exhibiting the Vernier effect without contra-directional grating couplers. Specifically, we eliminate the free spectral range (FSR, i.e., in both the drop port and the through port) and show substantial improvement in the interstitial peak suppression and the through port insertion loss for the cascaded racetrack resonator with gratings, as compared to the case without gratings. In addition, experimental results are presented, which show an interstitial peak suppression of 29.3 dB, as well as the elimination of the FSR in the drop port and the through port.
Introduction
Cascaded racetrack resonators exhibiting the Vernier effect have numerous benefits compared to single racetrack resonators, including an extended free spectral range (FSR) in the drop port [1] - [7] . However, the through port spectral response does not have an increased FSR [1] , [7] , which can be problematic for certain dense wavelength-division multiplexing (DWDM) applications. Fortunately, series-coupled racetrack resonators can exhibit the Vernier effect in both the drop port and the through port [1] , [8] , [9] . Numerous papers have presented theoretical [10] - [15] results as well as experimental [4] , [8] , [9] , [16] - [22] results for series-coupled Vernier resonators consisting of two [4] , [8] , [11] - [14] , [16] , [18] - [22] , three [11] - [13] , [15] , [17] , and four [9] , [10] , [13] - [15] rings. Also, combinations of cascaded and series-coupled Vernier ring resonators have been theoretically analyzed [23] . Recently, Yan et al. [24] presented a novel configuration of microring resonators exhibiting the Vernier effect in which one ring resonator is directly coupled to four smaller ring resonators. Also, Vernier ring resonators have been used to create sensors [25] - [28] and tunable lasers [29] , [30] . Due to fabrication variations, the performance of the ring resonators may be significantly degraded. Thermal tuning of each individual ring resonator is needed to correct for the fabrication variations. A benefit of the cascaded configuration of ring resonators, as compared to the series-coupled configuration, is that the thermal cross-talk between resonators is reduced due to the increased distance between the rings [2] . Recently, Shi et al. [31] designed and fabricated a new single racetrack resonator with contra-directional gratings within the coupling regions to suppress all but a single resonance in the drop port and the through port, which is due to the small bandwidth of the coupler. The suppression of minor peaks is greater than 8 dB [31] . Orlandi et al. [32] presented experimental results on a racetrack resonator with gratings within the coupling regions but their device showed minimal suppression of peaks in the drop port. Also, Orlandi et al. [32] discussed and presented theoretical results on a modified version of their grating coupled racetrack resonator in which the input coupler has gratings but the output coupler does not. In this paper, we demonstrate both theoretically and experimentally contra-directional grating-coupled cascaded racetrack resonators exhibiting the Vernier effect. The theoretical results show the elimination of the FSR (in both the drop port and the through port) as well as the improvement in the interstitial peak suppression, IPS, at the drop port and the improvement in the through port insertion loss, IL thru , as compared to the case in which no gratings were used. Our fabricated device shows an improvement in the suppression of minor peaks in the drop port as compared to the suppression shown by [31] and [32] . Our experimental results show an IPS of 29.3 dB and the elimination of the FSR in the drop port and through port.
Theory
We have decided to use silicon-on-insulator (SOI) strip waveguides with a top oxide cladding for the FSR-eliminated grating-coupled cascaded Vernier racetrack resonator, since previous experimental results by Shi et al. [31] have shown promising results for individual grating-coupled racetrack resonators. The waveguide heights are 220 nm and the bus waveguide widths, w b , and the racetrack resonator widths, w r , are 450 nm and 550 nm, respectively. For the coupling regions that have co-directional coupling (no gratings), w b and w r are 550 nm and the gap distance is 280 nm. The gratings within the coupling regions are formed by corrugating the sidewalls as shown in Fig. 1(a) . The corrugation depths, c b and c r , for waveguides with widths of w b and w r , are defined as the extensions into the waveguides by c b =2 and c r =2 and into the gap by c b =2 and c r =2. The number of grating periods, P, is 110 and the perturbation period, Ã, is 311 nm, such that the drop port peak wavelength, D , is very close to the resonance wavelength, r , which corresponds to the major peak within the drop port spectrum of the cascaded Vernier racetrack resonator. The contradirectional grating coupler was designed so that the value of the contra-directional power coupling factor, j c j 2 , and the contra-directional power transmission factor, jt c j 2 , would be very close to the value of the co-directional power coupling factor, jj 2 , and power transmission factor, jt j 2 , at D when the losses in the couplers are taken into account. In order to suppress Bragg reflections back to the input port, an anti-reflection grating structure has been used, where additional gratings are formed on the external side-walls of the coupler [33] as shown in Fig. 1(a) . These external grating are out of phase with respective to the gratings inside the coupler region, which can significantly suppress back reflections through destructive interference [33] .
The schematic of the grating-coupled cascaded Vernier racetrack resonator is shown in Fig. 1 The drop port and through port intensity responses of the grating-coupled cascaded Vernier racetrack resonator can be determined by multiplying Eq. (1) 
The following design was chosen for all simulations: L a ¼ 2r , where r ¼ 4:65 m, and L c ¼ Ã Â P where Ã and P are 311 nm and 110, respectively, and b are for waveguide widths of 550 nm, a is for a waveguide width of 450 nm, and L ðÞ is the cross-over length. It should be noted that the ratio of the total length of resonator Bb[ to the total length of resonator Ba[ was chosen to be 4/3. Also, we assume that the propagation constants for the two racetrack resonators are identical (i.e., the effective index is the same for all regions of each racetrack). The propagation loss seen from the input port to the through port, a ½m À1 , is 7.4 dB/cm [34] , since the waveguide width is 450 nm. Also, the propagation loss for each ring is assumed to be 2 dB/cm, since their waveguide widths are 550 nm. We assume the optical attenuation due to the routing section between the two racetrack resonators is minimal and therefore the routing section is not included in our calculations. Finally, it is assumed that, since the waveguides within the coupling regions with gratings have different propagation constants, the co-directional coupling is minimal and is neglected in the model. In other words, only contra-directional coupling is considered within the regions with gratings.
To determine the complex field contra-directional coupling factors and the straight-through complex field transmission factors of the gratings, the modeling method presented by Shi et al. was used [31] , [35] . Here, we have chosen the coupling coefficient to be 12551 m À1 so that the contra-directional power coupling and power transmission factors are close to the values of the co-directional power coupling and power transmission factors at D . To determine the symmetric complex field co-directional coupling and transmission factors, L ðÞ was determined using a numerical mode solver. The effective indices of the co-directional couplers and the waveguides were calculated at 11 wavelengths between 1500 nm and 1600 nm and curve-fitted to third-order polynomials from which all effective indices were obtained. Fig. 2(a) and (b) show the wavelength dependent contra-directional and co-directional power coupling factors and the straight-through power transmission factors for the coupler with and without gratings. Fig. 3(a) shows the drop port responses for two independent single contra-directional gratingcoupled racetrack resonators with lengths L a (green-solid) and L b (red-dash). The limited suppression of the peaks to the left and to the right of the major peaks for the single racetrack resonators are due to the bandwidth of the contra-directional grating couplers. Fig. 3(b) shows the drop port responses for the cascaded configuration of these two racetrack resonators with (blue-solid) and without (black-dash) gratings. In the case where there are no gratings, we change the structure shown in Fig. 1(b) such that the input port and the through port are exchanged with each other as well as the drop port being placed at the spare output port. We can clearly see that the gratingcoupled cascaded Vernier racetrack resonator spectrum shows increased suppression of all minor peaks as compared to the spectra of the other three devices. However, we also need to compare the response of the grating-coupled cascaded Vernier racetrack resonator to that of a gratingcoupled cascaded identical racetrack resonator with lengths L a as well as L b . Fig. 3(c) shows the drop port responses for grating-coupled cascaded Vernier (blue-solid) racetrack resonators as well as the response for identical (orange-dash) racetrack resonators with lengths L a . Fig. 3(d) shows the drop port responses for grating-coupled cascaded Vernier (blue-solid) racetrack resonators as well as the response for identical (light blue-dash) racetrack resonators with lengths L b . In both cases, the Vernier effect causes an increase in suppression of all minor peaks as compared to the cases where identical racetrack resonators were used. The drop port spectrum and phase in the vicinity of the clear window of our grating-coupled cascaded Vernier racetrack resonator are shown in Fig. 4(a) . The group delay and the group delay dispersion (or chromatic dispersion) of our gratingcoupled cascaded Vernier racetrack resonator are shown in Fig. 4(b) . Next, we compare the through port response for cascaded Vernier racetrack resonators with and without gratings, as shown in Fig. 5 (a) and (b). We can clearly see that using gratings is beneficial, since it significantly suppresses all but one of the resonances. The through port response for the grating-coupled cascaded identical racetrack resonator has the same response as that of a single contra-directional grating-coupled racetrack resonator when its dimensions are the same as one of the racetrack resonators in the cascaded configuration. In Fig. 5 (c) and (d), the through port responses for grating-coupled cascaded (single) identical racetrack resonator with lengths L a as well as L b are shown. It can be clearly seen that the response for the device with lengths L a has more suppression of its minor notches as compared to the device with lengths L b . All specifications are defined for a channel spacing of 0.8 nm, a clear window of 0.048 nm, and within the clear window of channel x as well as the clear windows of the 44 channels to the left and to the right of channel x (the number of channels within the ITU grid for the C-band is 45 [36] ). Here, the clear window is centered at a wavelength value corresponding to the average wavelength value of the major peak between its -3 dB points and -20 dB points (referenced at the maximum intensity of the major peak) and of the major notch between its -3 dB points and -20 dB points (referenced at the maximum intensity of the major notch). It should be noted that we have assumed that the clear window has the same definition as the channel wavelength range which is defined by the ITU [37] , [38] . The drop port adjacent channel isolation, A i , is defined as the difference (in dB) between the minimum transmission of the filter within the clear window of channel x and the maximum transmission of the filter within the clear windows of adjacent channels x À 1 and x þ 1 [37] . The nonadjacent channel isolation, nA i , is the difference (in dB) between the minimum transmission within the clear window of the operating channel and the maximum transmission within the clear windows of all non-adjacent channels [37] . It should be noted that the IPS has the same definition as nA i . The drop port insertion loss, IL drop , or channel insertion loss, is defined as the minimum transmission within the clear window of channel x [36] , [37] . The difference between the maximum drop port transmission and the IL drop within the clear window of channel x is termed the ripple, R depth , [36] , [37] . The express channel isolation, EC i , or channel extinction, of the through port is the value of the difference in transmission between the minimum transmission within the clear window of all adjacent channels and non-adjacent channels and the maximum transmission within the clear window of channel x [37] . However, here we will only define the minimum transmission within the adjacent channels when determining the EC i , which is in agreement with the definition for the pass channel residual at express port found in [39] . The maximum through port insertion loss, IL thru , is defined as the minimum transmission within the clear windows of all adjacent and non-adjacent channels. Tables 1 and 2 show the spectral characteristics of the single grating-coupled racetrack resonators with lengths L a and L b , the cascaded Vernier racetrack resonator with and without contradirectional gratings, and of the grating-coupled cascaded identical racetrack resonators. We can clearly see that the cascaded Vernier racetrack resonator with gratings shows a significant improvement in its FSR (in fact, there is no FSR), IPS, and IL thru as compared to the response of the cascaded racetrack resonator without gratings. In the case of the cascaded configuration without gratings, the drop port shows an extended FSR of 17.30 nm and 17.70 nm to the left and right of the major peak, respectively, whereas the through port response only shows an FSR of 5.81 nm and 5.85 nm. However, the inclusion of the contra-directional gratings removes the FSR in both the drop port and the through port. Also, the grating-coupled cascaded Vernier racetrack resonator shows significant improvements in its A i and IPS as compared to both of the single contra-directional grating-coupled racetrack resonator responses. Also, the grating-coupled cascaded Vernier racetrack resonator shows an improvement in the IPS as compared to the responses of grating-coupled cascaded identical racetrack resonators. Thus, we can see the combined benefit of using contra-directional grating couplers and the Vernier effect within coupled racetrack resonators. 
Experimental Results
The device was fabricated using e-beam lithography [40] at the University of Washington and aluminum (300 nm thick) metallization for the heaters (5 m wide) and electrodes was done at McMaster University. Fig. 6 shows a microscope image of our device. Heaters were placed on each contra-directional coupling region to enable resonance tuning to correct for fabrication variations. The top oxide is 2 m thick, the co-directional and contra-directional gap distances are 280 nm and 220 nm, w b and w r are 450 nm and 550 nm, the corrugation depths, c b and c r , for waveguides with widths of w b and w r are 30 nm and 40 nm, respectively. The tapered routing waveguide between the two racetrack resonators has a length of 74.912 m. Fig. 7(a) shows the experimental drop port and through port responses for applied voltages of 0 V, 4 V, 5.8 V, and 7 V to the contra-directional coupling region of racetrack resonator Ba[. We can clearly see that applying a voltage of 5.8 V significantly improves the major peak of the drop port response; the maximum drop port peak intensity increases from À17.9 dB to À6.2 dB. Fig. 7(b)   Fig. 6 . Optical microscope image of the fabricated device. shows the through port and drop port responses for this case. The drop port response has one major peak and all other peaks are suppressed and the through port response shows one major notch and all other notches have smaller notch depths (less than 2 dB) as compared to the depth of the major notch (5.9 dB). Thus we have experimentally confirmed that it is possible to eliminate the FSR in the drop port and through port. Next, we determine the A i , IPS, R depth , and EC i for a clear window of 0.048 nm centered at a wavelength of 1528.846 nm and a channel spacing of 0.8 nm. It should be noted that the minimum wavelength we measured the spectrum for is 1500 nm so only 36 channels to the left and 44 channels to the right of the desired channel were used in calculating the IPS. Fig. 7(c) shows a Bzoom-in[ of Fig. 7 (b) which includes vertical dashed lines that represent the clear window and channel spacing as well as labels for A i , IPS, and EC i . Table 3 shows the experimental spectral characteristics of the grating-coupled cascaded Vernier racetrack resonator. The response of our device has no FSR in both the drop port and through port, which is in agreement with the theoretical result shown in Table 2 (we were unable to accurately determine the values for IL drop and IL thru ). Also, the device has a large IPS of 29.3 dB (however, if a channel was centered on the minor peak located at 1524.465 nm, the IPS would be reduced to 24.3 dB). Our grating-coupled cascaded Vernier racetrack resonator needs further improvement to give a value of the EC i that is greater than or equal to 10 dB [41] , of the R depth that is less than or equal to 0.5 dB [41] , and of the IPS that is greater than or equal to 35 dB [42] , so that this type of device can be used in typical DWDM applications. It should be noted that our device has an A i of 30.5 dB (which is better than the 25 dB that can be found in data sheets for some commercial products [41] ).
Conclusion
In summary, we have shown that using contra-directional couplers in cascaded racetrack resonators exhibiting the Vernier effect provides numerous advantages as compared to the responses of cascaded racetrack resonators exhibiting the Vernier effect without contra-directional gratings. The grating-coupled cascaded Vernier racetrack resonator studied here has a theoretical IPS and an IL thru of 33.9 dB and 0.3 dB, respectively, whereas without the gratings the IPS is 0.1 dB and the IL thru is 8.8 dB. The reason why the IL thru is substantially improved is due to the suppression of all but one of the resonances in the through port, which is the result of the small bandwidth of the contra-directional grating coupler. Also, there is no FSR in both the drop port and through port for the grating-coupled cascaded Vernier racetrack resonator whereas there is a 17.30 nm/17.70 nm extended FSR at the drop port and an FSR of 5.81 nm/5.85 nm at the through port for the case without gratings. Also, we have presented experimental results which show that it is in fact possible to eliminate the FSR in the drop port as well as the through port. Our fabricated device also shows a large IPS of 29.3 dB. Thus, we are now able to use the cascaded configuration of the Vernier effect and not be limited to applications that only require a large FSR in the drop port.
